To better understand the pathogenesis of infantile viral gastroenteritis, we studied Na+ and Cl-fluxes in vitro in short-circuited jejunal epithelium from 8-10-day-old piglets after infection with a standard dose of human rotavirus given via nasogastric tube. 11 infected piglets, all of whom became ill, were compared with 9 uninfected, healthy litter-mates. When killed 72 h after infection, intestinal villi were shorter and crypts deeper (P less than 0.025) in duodenum, upper jejunum, and mid-small intestine, but not ileum in infected piglets. Virus antigen was seen by fluorescence microscopy in occasional jejunal villus tip cells in only four infected piglets and no controls at 72 h. Net Na+ and Cl-fluxes did not differ from noninfected litter-mate controls under basal conditions, but response to glucose was blunted in infected piglets (P less than 0.001). Theophylline stimulated net Cl-secretion in both infected and control animals, and cyclic AMP concentration in isolated jejunal villus enterocytes did not differ significantly. In isolated jejunal villus enterocytes of infected piglets, thymidine kinase activity increased (P less than 0.001), and sucrase activity decreased (P less than 0.001). We conclude that in this invasive enteritis caused by a major human viral pathogen, glucose-coupled Na+ transport is impaired in the jejunum at a time when the villus epithelium shows enzyme characteristics of crypt epithelium, and when little […] 
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INTRODUCTION
A specific virus, initially observed in duodenal mucosa of infants and children with acute gastroenteritis (1, 2) is now recognized as a major cause -of acute infectious diarrhea in this age group throughout the world (3) . In developed countries, 40-50% of all cases of infectious diarrhea admitted to hospital are caused by this virus; the incidence may rise to 80% in the cooler months of the year (4) (5) (6) (7) . Although it possesses specific morphologic, antigenic, and biochemical characteristics, the virus is not yet fully characterized. As a result, many names have been assigned to it, including orbivirus (2), duovirus (4), rotavirus (8) , reovirus-like agent (9) , and infantile gastroenteritis virus (10) . Human rotavirus (HRV)1 now seems to be the name most favored. Inasmuch as preliminary experiments suggested that conventional and gnotobiotic piglets are susceptible to HRV infection (11), we administered the virus to young, conventionally-reared piglets and studied intestinal structure and function at the height of the ensuing illness. We measured Na+ and Cl-trans-'Abbreviations used in this paper: cAMP, cyclic AMP; HRV, human rotavirus; ISc, short-circuit current; PD, potential difference.
The Journal of Clinical Investigation Volume 60 December 1977-1402 -1409port in jejunal epithelium because clinical experience indicates that abnormal ion transport plays a major role in the pathogenesis of the acute diarrhea seen in infants with HRV enteritis (12) . Furthermore, in transmissible gastroenteritis, a different specific invasive viral enteritis occurring in young pigs, a specific defect in sodium transport is a major factor in the pathogenesis of diarrhea (13) (14) (15) (16) (16) . Sections for fluorescence microscopy were fixed in 95% ethanol at 4°C (17) . Sera, previously shown to be highly specific for HRV (18) , obtained from guinea pigs after inoculation with human rotavirus, were used as the antibody and pre-inoculation sera as control. Fluoresceirn-labeled rabbit immunoglobulin to guinea pig gamma globulin was the marker. Slides were mounted using Elvanol (19) (E. I. du Pont de Nemours & Co., Wilmington, Del.), and specificity was checked by preliminary incubation of purified human rotavirus with control and antibody-positive sera (17) .
To measure ion flux, jejunal mucosa was stripped of muscularis, and four adjacent portions were mounted in Ussing chambers (15) . The tissues were bathed with Krebs bicarbonate buffer, and 22Na+ and 3"Cl-were added to the mucosal or serosal side (16) . Unidirectional and net Na+ and Cl-fluxes were measured in the absence of electrical or chemical gradients. The spontaneous mucosal potential difference (PD) was neutralized by manually introducing an appropriate short-circuit current (ISc) (20, 21) . Tissue was studied for three consecutive 70-min periods; during the first, Na+ and Cl-fluxes were measured under basal conditions, without glucose; for the second, 30 mM glucose was added to both sides of the tissue; and for the third, 10 mM theophylline was added to both sides. During each period, the tissue was allowed to equilibrate for 40 min and then 1 ml-samples were withdrawn from the bathing solutions at 10-min intervals for radioisotope counting; three consecutive 10-min fluxes and one overall 30-min flux were calculated. Unidirectional fluxes were derived from a standard formula (22) ; net fluxes were calculated from a comparison of the unidirectional fluxes from mucosa to serosa and from serosa to mucosa of paired strips of tissue. Conductance (mmho 0.01 cm) was calculated from PD and ISc readings measured at 10-min intervals. Homogenates of mucosa scraped from 5-cm segments of intestine with a glass slide were used to assay total sucrase, maltase, lactase, and Na+K+ATPase activities by conventional techniques (13) , and the data were related to the protein content of the tissue (13) in the duodenum, upper jejunum, and ileum. Also, sucrase and thymidine kinase activities were measured in enterocytes selectively isolated by a vibration technique from villi of intestinal segments of upper jejunum, mid-small intestine, and ileum (23) . The tissue remaining after villus cell isolation was checked by microscopy for the presence of intact crypts (23) .
Cyclic AMP (cAMP) was measured using the method of Gilman (24) in isolated upper jejunal villus enterocytes after treatment with trichloracetic acid to a final concentration of 5% and purification on a Dowex 50-H+ column (25) (Dow Chemical Co., Midland, Mich.).
Results were analysed using Student's t test or where appropriate the paired t test. Because enzyme activities follow a log normal skew distribution, all enzyme data were converted to logarithms before analysis and are expressed as antilogarithms.
RESULTS
Clinical, microscopic, and microbiologic findings.
All pigs given human rotavirus became ill; 7 of 11 developed diarrhea 48-68 h after infection, and the remainder had fluid distention of the small intestine and liquid cecal contents at post mortem. All control animals were healthy. Serum electrolyte and acid base studies did not differ between study groups. Electron microscopy of small intestinal or colonic content was positive for rotavirus in all infected piglets but in no controls. Bacterial cultures of gut contents collected at post mortem were negative for pathogenic enteric organisms in all animals.
On light microscopy a lesion of the intestinal mucosa was seen in all infected animals. In the duodenum, upper jejunum, and mid-small intestine, but not the ileum of all infected animals, there was significant shortening of the villi and deepening of crypts (Table I) . For (Table II) . Under basal conditions, without glucose, unidirectional fluxes were significantly less in tissue from HRV-infected animals, but net fluxes were secretory and did not differ significantly from controls. After the addition of 30 mM glucose, control tissue responded with a significant increase in net Na+ flux (P < 0.001). In tissue from infected piglets the response of net Na+ glux to glucose was blunted and significantly different from controls (P < 0.001). When 10 mM theophylline was added after glucose, the change in net Na+ flux in control tissue, from 2.10±0.50 to 0.36±0.77 did not differ significantly from the change seen in infected tissue, from 0.98 ±0.46 to -2.34+0.40 ,ueq/cm2 per hour.
(b) Cl-flux (Table II) . Under basal conditions net Cl-fluxes in infected animals, like net Na+ fluxes, were secretory and not significantly different from controls; they remained secretory in both controls and infected piglets when 30 mM glucose was added. Net Cl-fluxes were significantly decreased in both control and infected groups (-2.40 vs. -3.04 tkeq/cm2 per hour) when theophylline was added. Unidirectional Cl-fluxes in infected pigs were less than cointrols under all study conditions.
(c) Electrical data (Fig. 2) . Under basal conditions, mean PD in tissue from infected animals was significantly higher than in controls (P < 0.001); ISc did not differ significantly between study groups. Addition of 30 mM glucose significantly increased PD and ISc in both groups (P < 0.001), but the increments were significantly less (P < 0.01) in tissue from infected animals. Theophylline significantly increased ISc in both groups (P < 0.001) and PD in tissue from HRVinfected piglets (P < 0.001), but not in control tissue. Conductance of tissue from infected piglets was significantly lower than control tissue under all experimental conditions; theophylline significantly increased conductance in tissue from controls (P < 0.001) and significantly decreased it in tissue from infected animals (P < 0.001).
Enzyme and cAMP analyses. In mucosal homogenates from HRV-infected piglets, activities of sucrase, lactase, maltase, and Na+K+ATPase were significantly decreased in the upper jejunum; sucrase, lactase and Na+K+ATPase in the duodenum and lactase alone were decreased in the ileum (Table III) . After infection thymidine kinase activity in epithelial cells isolated specifically from villi of upper jejunum increased fivefold (3.2 vs. 17.1, P < 0.001), and sucrase activity decreased 10-fold (72.5 vs. 7.3, P < 0.001) (Fig. 3) . A similar pattern with significant differences between study groups occurred in the mid-small intestine but not in the ileum (Fig. 3) .
Cellular cAMP levels measured in enterocytes isolated from villi of the upper jejunum were similar in control and infected piglets (control 10.1+3.9, infected 11.8±+-6.9 pmol/mg protein). (2), depressed activities of mucosal disaccharidases (2), and watery diarrhea (12) . All animals in the infected group were diseased, but perhaps not all were at the same stage of infection when studied 72 h after they had received the virus. The variations in symptoms in our animals accord with the reported variability of the response of piglets to HRV infection (11, 26, 27) . In part, these apparent variations may be due to the variable distribution and extent of the infection in the gut. From human studies it is clear that HRV invasion of the mucosa can be patchy (2, 5) . Despite clinical variations in this animal model, specific segments of bowel removed at a fixed time after infection showed highly significant abnormalities in mucosal structure and ion transport when compared with tissue from uninfected controls. Villi were shortened, and therefore, the absorptive surface of mature epithelium diminished in the upper bowel, the region known to be the target preferred by HRV (1, 2) . These light microscopic data are supported by the diminution in infected pigs of certain enzyme activities normally found in mature villus epithelium; disaccharidases and Na+K+ATPase for example. Decreased absorptive surface area may contribute to intestinal malfunction in HRV enteritis, but defective active ion flux is likely to be of even greater importance in the pathogenesis of the acute diarrheal state. In short-circuited jejunal epithelial membranes, the effects of glucose on sodium and chloride transport and on electrical phenomena were severely blunted. These abnormalities undoubtedly contribute to the disturbed electrolyte absorption that appears to be a major factor in the pathogenesis of HRV diarrhea. Under basal conditions, jejunum from infected pigs secreted, but so did controls. Net secretion, a constant finding in short-circuited jejunum from normal piglets studied under basal conditions has been observed also in rabbits (28) . We suspect that our in vitro data, with rather than without glucose, reflect in vivo conditions in the jejunum of young pigs. Diminished activity ofthe NatK+ATPase system implies defective active extrusion of sodium at the lateral membrane of the enterocyte, a defect that could contribute further to defective sodium transport. Diminished disaccharidase activities in the proximal and mid segments of the small bowel suggest a potential role for sugar malabsorption in HRV diar- (38) have demonstrated the value of early oral fluids in treating not only cholera patients but many with unspecified severe diarrhea (39) . Because viral enteritis differs from cholera in many important respects, an oral glucose electrolyte mixture formulated specifically for HRV disease should be subjected to clinical trials.
